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ABSTRACT 

Escherichia cofi ruvC recG mutants lack RuvC 
endonuclease. wftfch resolves erossed-strand joint 
molecules (Holllday junctions) formed during 
homologous recombination into recombinant products, 
and an activity (RecG) thought to partially leplace 
RuvC. They are therefore highly deficient In 
homologous recomblnatlcm, end sen$lllve to UV light 
end chemical DNArdamaging agents, presumably 
because of Inability to tolerate unrepaired DNA damage 
by recombinational mechanisms (Uoyd, R.G. (1991) 
J. BacterM. 173:5414-9418). We transformed these 
mutants with plasMds expressing cDNAs from the 
plant Arabidt^sto thaNana. Selection for bacteria with 
increased resistance to methylmethanesulfonate 
yielded two cDNAs, designated DRT111 and DRT112 
(DNA-d!amagew^^ir/foleratIon). Expression of these 
plant cDNAs, especially Dfmil, restored conjugal 
recombination proficiencies in ru^C and ruvC recG 
mutants to nearly wJId^type levels. Both plant cDNAs 
slgnlflcantly increased resistance of both mutants to 
UV light and several chemJcal DNA-damaglng agents, 
but did not fully correct the mutant phenotypes. Drti 1 1 
activity, but not Drti 12, also increased, to nearffy wild- 
type iev^Sp resistance of racG single mutants to UV 
plus mitomycin C, The predicted DrtlH and Ort112 
polypeptides, 383 and 167 amino acfds respectfvely, 
snow no $imllarlty with one another or whh imkaiyotic 
HoiKday resolvases. Both appear chioroplast targeted; 
Drti 12 Is highly homologous to Arabidopsis 
plastocyanln. DRTill and DRTI 12 prob» hW)rldlze 
only to DNA from closely related plants. 

INTRODUCTION 

Projected depletion of the stratospheric ozone layer is expected 
to significantly increase tcncstrial UV-B irradiatioii at DNA- 
damaging wavelengths (1 This has beightened interest id tiic 



diechanisxns by which green pfcmts, which will necessarily be 
exposed cominuaily to increased UV fluxes, resist DNA- 
dattwging agents. Studies with yeast and, especially with the 
bacterium E.coli, have demonsuatcd that removal of 
photQproducts and recombinational tolearation of unrepaiitd DNA 
lesions are both important resistance mechanisms (3). Excision 
repair and photorcacdvatipn of UV photoproducts have been 
described for several plant species, indoding the model green 
plom Arabidopsis thoHana (4). However, diere has been no strong 
evidence fur homologous-rccombukatiOQ'-dependeQt toleradon 
processes, such as danghier-Strand- gap fiUijig (5). 

The E.coU RecA protein mediates homologous pairing and 
strand exchange during recombination, yieldif\g a crossed-strand 
intcnuediats (HoUiday jiincdon). Mutants lacking this activiQr ate 
highly sensitive to DNA damage, as well as recombination- 
deficient. Recently, wc isolaled foot Arabidopsis cDNAs that 
partially con^mented the UV-sensitivity phenotypes ofKcoli 
mmants lackii^ all repair and toleration respoises (Pang, Q,, 
Hays, J.B., Rajagopal, L and Schaefer, T.S., manuscript 
submitted). One of these, DRTIOO (DNA-^&unage-repair- 
tolcration) proved to partially complemem RccA" DNA- 
damagc'sensitivity and recombination-deficiency (Rec") 
lAenoiypes (6). The size of the predicted DrtlOO protein was 
simQar to that of bacterial RecA proteins, but there was licde 
global homology. Simultaneously, Jagpndorf and coworicers (7) 
isolated ^Anobjdopsis cDNA with COnsideFafale retA iMmnlogy 
by a hybridization approach » but did not test it for activity in 
E.coU. Both DrtlOO, the putative RecA analogs and the 
Arabidopsis RccA homoipg appear to be chlofxsplast-tai^geted 
proteins. The existence of these genes argues stnmgly fbr (he 
importance of DNA-damage4QlerQtion processes in plants^ at least 
for chioroplast genomes. 

Activities that rcs(rive erossed-strand intermediates into 
recombinant products have been demonstrated in E.coU ptiagcs 
T4 (8) and T7 (9), in EcoU itself (10). and in yeast (U-13). 
The E. coli resolvase active in extracts has been identified as the 
product of the rwvC gene (14), purified lo homogeneity, and 
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characterized biodwmically (15). Surpri&in^y, rvvC mutants are 
only dighdy Rec*, but are highly sensitive to UV light and 
other DNA*da m a g i ng agents (16); double mutants, recG, 
arc highly Rec", and even more DNA-damage-sensitivc. This 
SU^gestR that r^cG encodes (or coaitrols) a rcsolvase-like activity, 
not readily detectable In Ctvdc extracts, that substitutes fairly well 
for RuvC in coi^ngal and transductional recombination, but not 
in DNA-damage toleration. Further evidence for the raorc 
demanding nature of the latter process is its requirement for die 
RuvA and RuvB proteifls as well (16). 

The lack of amino-acid conservation among the phage and 
bacterial resdvases (17) suggested diat hybridization approaches 
were not likely to yield the corresponding plant genes. Instead, 
we have xdected for Arabidopsis cDNAs that apparcnriy 
complement E.coli RuvC" RecG" pheno«>pcs. The two cDNAs 
isolated in this way restore recombination nearly to wild-^ype 
levels, and increase resistance to DNA-damaging agents. 

MATERIALS AND METHODS 

Bacteria and bacteriophages 

All strains used are derivatives of Escherichia coU K-12. Sti^n 
ABl 157 is wild-type with respect to the markers of interest here 
(RuvC* Rec+ phttwlype) and is also P- itoW his-4 £iigpt-pnA) 
argES Oir^I leiiB6kdgK] jfiDCt) anhl4 lacYl gcOKlxyl-S mtH 
tsX'SJ supE44 rpsUI (18). Isogenic with ABl 157. except as 
IndJcaied, are the RuvC- strain CSaS. nnfC53 «to-5;::Tn/0, 
and the RuvC' RccG" strain N3398, recC2SSi:TnI0 ndni-Aon 
ruvCSS eda-Sl (19)^ and die RecG" strain N2731 (20), recG 
238::TnJ0 mlni-Aon. Strain EG333 is HrfC pyrAr.TnlO mstB 
cysG303 A(lac-pro)Xm (21). iTie vector phage XYES is c/a57; 
it incoiporates a doning/expression site and yeast-E^coU shutdc- 
vector^lasmid elements between two i^iagc PI lax skes (25). 
Phage XCRE cl(ind-) redS xisl overexpresses die PI Ore 
protein via a bacterial lac promoter (6.25). hTeilher XYES nor 
X CRE cl(ind^) prophages are inducible by DNA-damaging 
agents. 

Pla^anlds 

Plaanid p^936. the product excised fitom XYES by Ccc-lox 
recombinatlDar encodes an^idllin-resistancc and plasmid ori 
etements for selection and propagation in £lcc)/i, as as LXJ^ 
and other elements for function as a yeast plasmid (25). 
Depending on then* orientation, cDNAs inserted at die unique 
Xhol site are icanscribable via tbe bacterial or yeast pc^Li 
promoters. In plasmids pQPlilO and pQPll20. Arabidopsis 
CDNAs DRTIII and DRTIJ2 are mmscribed via /v- Piasraids 
PQP1I12 and pQPn22. in which DRTIII and DRTII2 are 
inverted widi respect iopi^, were constructed by digestion of 
plasmids pQPl 1 10 and pQPl 120 with Xhi>r endonuclcase and 
m-ligation of the products, and were identified by restriction 
analysis of plasmids lioffl transformed bacteria. 

Media and solutions 

TBY-broA. LB-broth^lates, and M9-minimal-plates have been 
described (26,27). TBY-Ap broth and UB-Ap plates contain 50 
fig/m] ompidllin (Ap). 

Sdection and isolation oT DRTIII and DRTIII cDNA 
We infected about I0'?> RuvC" RtcG" bacteria (strain U339S\ 
lysogenic for XCRJE cHind') rwUxisI, widi an aliquot (5x10^ 
plaque-forming units) of an Arabidopsis cDNA library in die 



vector XYES. This library had been obtained from R. Davis, 
Stanford University (25) and ampIiHed once, as described 
previously (6). We g^cw die infected cells for one hour in TBY 
broth» at which point there were SxlO^ total Ap-resistam 
bacteria (as determined by plating a small ahquot). We selected 
for cells containing excised plasmids, by growth for dvee hours 
in 100 ml TBY-Ap brodi. plus 2 mM isopropylthio-^-D- 
galactopyranoside (IPTG), yielding about 10" bacteria. These 
were harvested by centiifugadon and resuspendcd in 10 ml TBY. 
We spread die entire cukuie on twcmy LB plates containing 
0.06% mcdiytmediane-sulfonate (MMS) and IPTC and 
Incubated diem 40 h at SO^'C. Aldiou^ none of 10" bacteria 
in a paralld N3398(pSE936) culture survived on dicse plates, 
die cDNA-lilsrazy-comaining culmre yielded 25 survivors. These 
were streaked across LB plates and tested for resistance to 5, 
10. 15. and 20 J/m^ of UV light. Four isolates were UV« 
resistant, and plasmids extracted from each of diese conferred 
resistance upon naive RuvC~ RecO~ bacteria. When digested 
widi fcoRI endoiujclease, one active pla»nid released insert 
fragments of about 1 .1 kb and 0.3 kb; we designated die cDNA 
as DRTIII. The other three, plasmids released 0.8-kb inserts; 
based on their apparendy identical sizes, anl complementation 
phenotypes ki preliminary experiments (data not shown), we 
designated all dtree cDNAs as DRTIII, and arbhiarily picked 
one for fotxher study. (Their idendty was subsequendy confirmed 
by DNA sequence deiemdnations.) We design^ die respective 
plasmids pQPl 1 10 and pQPl 120. 

MeasuremenC of baclmal itsistaiioe to DNAHlani^^ 
Cells were grown to late log phase in TBY-Ap brodi containing 
IPTG, harvested by ccntrifugation, and resuspended to I.5X \^ 
oolony-forndqg units (CFU) per ml, as described (6). Ceil 
suspensions were treated widi 254-nm UV light at a rate of I 
w/m^ and spread on LB-Ap plates, or spread <mi LB-Ap plates 
containing mitomycin C or mediylmcdianesulfonatc (MMS>or 
4-nitroquanaline-N-oxide (N(30). All manipulations were 
perfoimed imder lOom lighting, so that ail cells were 
phenoiypically Phr+. Plates were incubated ovenii|^t at 30'C. 

Measurement of coi^ugal reoombiiiant f^ucndq 

Procedures were essentially as described by Miller (27). 
Gvenught cultures of the donor strain (EG333), grown in TBY 
brodi oontaining tetracycline (12.5 ;*g/ml), and of ieci|»cnt strains 
harboring various plasmids» grown in TBY-Ap bit«h with or 
widiout 2mM IPTG, were subculmred in fresh broth, grown to 
about 2X 10^ cells per ml. mixed at a ratio of three donors to 
one recipient, and incubated at 37*0- After 1 hr wc stirred 
mixtures vigorously, harvested the cells by centriiugatioo, and 
resuspended them in one volume of O.OlM MgS04. After 30 
min at room lempeiature, ceils were spread on LB-Ap plates and 
incubated ovemigfal at 37'C, to score total recipient colony- 
forming units, or :^cad on M9-glucose-iniiunMl plates oontaining 
ampldllin (50 ^g/ml). histidine (0,5 mM), arginine (0.06 mM), 
and proline (2 mM). to score Ap-resJstant Leu+ Thr^ 
recombinants, or on M9-galactose-(casaniino acids) plaics 
containing ampicilHn to score Ap-resistani Gal+ recombinants, 
or on M9-eIuoose-minimal plates containing arginine (0.06 niM)[ 
histidine (0.5 n\M), proline (2 mM), ampiciliin and 13 ^g per 
ml ictracycUnc (Tc) to score Ap-rcsistant (Lcu"^ Thr*) 
recombinants. 
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Detennination and analysis of UNA sequeim 
The Ch:e£oa State Uiuvemty Getoral Servkes Labarmiy 
determined DNA acquences oa doable-sDaoded DNA by an 
automated tBdmique, using an Appbcd BkKf^^ 
DNA sequencer and a Taq Dye Primer Cycle Sequencing Kit, 
wiA dideo^qr d&am lenninadon. tbennal cyclmg and primer- 
coupled dyes, aeoording u> imtiDctions supplied by the 
mann&cuirer (buUetin No. 23760S). M lan^i^oc Universal and 
Reveise primers (Unified States fijoefaemical C(»pO and in^ 
primm were employed. For each sampie, sequences were 
ddennined in bodi directions at least once each. In some regions 
we alio deienmned DNA seqoenoes manually, by dideoxy 
sequencing of duplex DNA using a Sequenase lot (United States 
j^odiemicai Cocp). We compared the predicted amino-acid 
sequences for Drtlll and DaU2 to protein sequences in the 
SWISSPROT data base, using Imelligenetics Suite release 5.4 
programs QUEST. PEP, SEQ, and G^ALICH^. The last 
program, devek^sed by Dr. H, Nfanioez, is a ccpyri^ned product 
of Intelligenetics, Inc. We searched GENBANK lelease 69, and 
NBRFIPIR and EMBL protein-sequence libraries using the 
Iiiielligenetics FASTDB search program. 

Qybridization analyses 

DNA was extracted from Arabidopsis^ btoccolt and cabbage 
ifirassloa pelanensis) tissues as described (4). DNA from bean 
ifhas&^bis yulgaris) and maize (Zea mays) were gifts rcspocdvely 
of David Mok and Carol Rivin» Oregon State University. DNA 



digested widi EcoKl endonuciease was analyzed by 
clectrqihoresis. blotting, hybridization with a {^]4abeted 
[random-primer-metliod (28)] fcoRI indent isolated ftom 
plasmids QPltll and pQP112U and autoradiography, a$ 
desctibed widi minor modificatiDns. HybficBzation, at 37°C, 
cnqjitoyedsohitions oontainiQg 50% formviUde and 0.6 M sah. 
Reduced-stringency hybiidizaciQn employed 32% fbrmamide. 
Aqueous washes (0.03 M salt) were at 37''C; filters were 
autoiadiotgrBphed ftir 43 hr. 

RESULTS 

Selection and isolation of cDNAs 

Exoli ruvC recG bacteria lack activities that resolve 
recombination intermediates (Holliday junctions), and therefore 
are deficient in homologous recombination (Rec") aixl DNA- 
damage-toleration functiofliS (19). We established an Ara^ndopsis 
cDNA plasmid expresskm library in RuvC* RecG" bacteria 
harboring a XCrc prophage, by infecting 10*** cells of strain 
N3398 widi a phage XYES Arabidopsis cDNA library, at a 
multiplicity of 5 phage per cell. The endogenous Cre activity 
expressed by the XCre prophage (25) excised plasmids from the 
XYES phage via sitc-spedfic recombination at the i<M: sites in 
XYES; plasmids were established in about 50% of the bacteria. 

We amplified cDNA-plasraid-containing bacteria and plated 
them in the presence of 0.06% methytmethanesulfonatn, a 
concentration which Jdlled all non-cDNA-oanlaining bacteria, and 
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^Rfiipoctivc boc(cna] Stnins (piismids) «fiqddyed. Unca t through lO, were 
ABU37 (pSEW6>. QP3070(pSE»3©, QP307D(pQPillO), QFSOTOCpQPl 120), 

M|^l!20), N3398 (pQPI]2a). 
Unctions of bacterial suspemioto survi^ 
8s described oQder 'Mateznb and Mctfiod^ 

fcr Ruv"»- Rbc* (pone) badm. These lEder values (fdaiive SuivivHl of 100%) 
wtrt 0.32 at 20 J/tn', 0.043 at 40 J/m', and 0.0027 « 60 Jfn^. Daia MnttSMd 
to avenges for tun> plotea (m^ typically ± I0«). 

we tested the 25 survivors fbr mistaiiGO Ui 10-30 uv 
Ugfat. M fm W-TCsislamiscdales hariioft^ 
putalive cDNA insert^-ane of 1.4 ld>» three of 0.8 kb. On the 
basis of the apiKirem identity of size end Gomcti^ 
beiow) of the letter thiis cDHAs, we iifeiidfied two un^ 
'femagt^/tpair/ioleration cDNAs, DBTlll and DRT112. We 
tested diese for their effect on variciis DNA-^damage-sensitivity 
and reoraibnutian-defidettcy pfaenotypes ofKcoli luvC, mvC 
recG, and recG nmtants. 

Drtlll and Ditll2 jr 

We measured the effect of Ditlll and Drtll2 activity on die 
naistimces, to ultraviolec light (Fig. lA) and to die DNA- 
owBlinldng agent mitomydn C CFig. IB), of RuvC" single and 
RuvC- RecG^ douWe mntants. Drtlll and Drtll2 increased 
the resistance to UV Ught of both RuvC" single mutants 
(F^g. lA, open symbols) and RuvC" RecG" double mutants 
(filled symbols). Although the factors by which sntvival was 
bicreased were greater fitff fiie donUe mutants, 
efficiencies relative to wild-type resistance ranged from 0.1% 
tp 1%. Resistance of RuvC" and RuvC'*' RecG" bacteria to 
mitomycin C (Fig. IB; open, filled symbols) was also increased 
by the presence of Ditlll and Dzt U2. Here nrsist&nces were 
increased by as much as 40D-fbld [RnvC- RecG- (Drtlll) at 
0.3 M8/nii]» and a^ment correction efficiencies were as high as 
10 to 40% (at 0. 1 ^g/mO- The two plant cDNAs also increased 
tesistance to mctfayfanethaoesulfbuate, at concentrations of 0.015 
to 0.045%, by factors of abotit 2-fold for RuvC" a«i up to 
20-fold for RuvC- RecG^ mutants, corresponding to 
complementation eflkieiicies of 0.196 or less; resistance of 
RuvC RecG' nmt&nls to 10 sM lutroquinaline oxide was 
inweascd T^fold by Drtlll and 3-fbM by DitlU (data not 
shown). 

Drtlll and DftH2 ndghtpartiany correct the DNA-damage- 
scnsftive phenotypes of RuvC- RecG" bacteria by resolving 
intermediates generated by normal (RecA-dcpendcnt) E.coU 
teoombinational toleradon processes, or suppress the phenotypes« 



TsUe JDL Reostnnoe of RecG' 
plus mmiiydn C. 
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"Rcjeciiw stnins (^mids) annoyed. Imca I UttoaA 4. were ABlt57 
^fi&6), N273I QfiE936), N2731 (pQPUIp), N2731 <p<}Pll20). 
^aAm were gnnm in bfoih Gontainiiig ampldlUD and IPHG. tzme4 wkfa 30 
X pern' llV1isbt,MdEscribfld under 'MaiBda]aaiMlMethod8,*ftireiid od l£ 
pbtei whh or wiibau 0.2 Its per ml mhD^^ 
Datit^ireaeztacvenset tbrtwoiiiilB(iw»platepertM 



Tsbl« m. ConjugAl recombinaiit fnequencies 
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^^'^'F^^f Number of WlaiivB 
KCipMnIs Thf*- Leg* w recambimm 
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RflG+ H«iv* (Mne) 3S ± 4 
RfiC* RuvC- (nooe) 32 4 
Roc* RuvC- (Drtlll) 21 * 2 
R«C+ RuvC" (Dft112) 24 a: 2 
RooQ- RnvC" Cncme) 37 * 2 
RiJcC- RtoifC- (Drtlll) 38 di 6 
ReeG- RnC OttU2) 44 ± 8 



5.ft t 0.6 
1.0 ± Ol4 
2.5 A 0.2 
1.7 ± 0.2 
a019 ± O.0O4 
0.67 ± 0.02 
0.41 A 0.7 



00) 

0.21 

0.75 

0.44 

0.003 

0.1 to 

0.058 



Rcspeohre recifnenc bacttral sttnins Qtanidi) onptoed Ima 1 to 7. were: 
1). AB1157 (pSE936), CS85 (pSE936). CSSS (WmC^. C5S5 (pQPn2P) 
N3398 (J1SE936). N3398 (pQPlUO). N33W (pSpil20) 

Coajqeal matings aikl measnremeoi* of total redpients axkI Ap-rcnsfm, Thr* 
tax trasscoajugants wem perfonoed as desciibed nafer 



Mahqd>\Hfr donor wandtt £0333. Data ««vBi^ and 
fut two trials. 



Rel^ reoondiiiBBt ttvque&cy ecpiala nitk> of i ^ 

napasA ftcfpiciicy fbr hdkaiDd beettria. dMM by latio lor Rbc^ Ruv^ 



by mediating new repair or recombinational ttieratkin padiways 
diat did not require RuvC or RecG fimcdon, fbr example. Wc 
tested die abUiiy of piasmids expressing DrtUl or Drtll2 to 
increase die leststanoe of other Rec^ mumnts to UV li^ CTable 
I). Under condidons where Dit 111 and DnU2 signifiGamly 
increased survival of RuvC~ RecG" faMeria fTable I, lines 
8- ICf), dierc was no effect on survival of RecA~ (tiw^ft 2-4) 
or RccB-C-F- flines 5-7) bacteria. 

We also tested for cotrection of Rec G" snigle mutadons, 
usmg the UV-plua^tomycin'^? assay of Uoyd and ^ hT^j fmnn 
(20) (Table D). RccG^ (Drtlll) bacterin Vf&t about half as 
resistant as wHd-type, but RecG^ (Ditn2) baeterb wete not 
signiikantly more resistant than RmG". 

Correction of recombtnatkm defidendes 
Although IMlil and Ditl]2 both significantly iocieased die 
resistance of both RuvC" and RuvC- RecG" mutants to a 
variety of DNA-ilamaging agents, dis apparent oonection 
effidencies were only several percent or less, in all but a few 
cases. Furthermore, diese data provide no direct evidence that 
recombinaiionrcnhancing acdvides are involved. Therefioire» we 
* die effects of Drtlll and Dnm on a bactenal 
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itconibjbatMm process, H<uic^^ 
f(vnHtioo of stable transoonjifgants dm^ mating of Hfr and P" 
tocteiia. A lthough recA mutations dtuAatily reduo^ conjugal 
recotnbxnBtkni tepuscies (30), a single mvC niutadoa in a wild- 
type background reduces xecombinatioii only 5-fold [ref. (19> 
and I, line 2], pedups because lecombiiia^ 
are resolved in other ways. Drtlll and Drtll2 comcted this 
RuvC" piieDoQrpe. restoring iecoad>inaticHi to neariy wild-type 
Icvds in the former case (Table flip lines 3,4). The recombinant 
frequency in mvC r&cG douUe mutants is drasdcaUy reduced, 
to just 0.3 % of wild-^ levels (Table m, line 5). Hero Drtl 1 1 
increased the fieqnency 32-fold, to 11% of wiM^lcvds (about 
half the lestomtion by RecG alone), and Ditl 12 was slighdy less 
effective (Table m, lines 6 J). 

Neither Dnlll nor Drtll2 corrected recombination 
deficiencies in other Rec- mutams tested: The frequency of 
tetracycline^esistnm transoanpigants. in nmtings of the Hfr 
pyrAiiTnlO strain EG333 with RecA" and RecB-C-p- 
recipients, were reduced respectively to 0,01 % and 1 % of rec^ 
levels, in the presence or trtwencc ofDRTlII qtDRTUI (data 
ncc shown); in parallel experiments Drtl 11 and Ditll2 increased 
recombinant frequencies in RuvC~ RecG~ bacteria firora 0.17% 
of wild^ype frequencies to 1A% and 2-5%, tespcdively. Neiibcr 
Drttll nor Drtl 12 affected the efficiency of transfer of conjugal 
F' episomefi iit any bacteria tested [Rcc*, RecA'% RecB"F~ 
and RuvC- RecG" (data not diown)), ix. the apparent 
increases in recofnbinant firequency are not due to increased 
mating efficiencies in the presence of DittU or Drtll2. 

To detennine whedier correction of the RuvC* RccG" 
recombinarion deficiency required expression of DRTJIl and 
Dlcril2^ rather than being the result* for example, of induction 
of new KooU activities by die presence of die plant DNA 



TtaUe IV. EQiKss of gcsM oiiaiiaaoe AHl indu^ 

of DRTJIl and DRTiiZ in Moiiit»iatknKlefleieflt tnctena 



BocOBriiU (pUsoDd} 
phenoiype of redpioii* 



Frequent {%} of aj/ t;«i* 

i. ^ 



tPlXMaduoBl 



eolPFG 



Ruv^ Rcc^ (none) 5.0 

RnvC" RecG" (mne) 0.008 

RUVC~ RccG^ (Dftlll) 0.462 

RuvC" RccC* (Dxtlll INV) aOOB 

^WC- IteeG- (Ditn2) 0.18D 

RuvC- RccG' CDnll2 INV) 0.008 



6.2 

aoo6 

OlOSO 

o.ooe 

0.060 
0.007 



'^Respective bocterkd tunha (plasuids) empbTol, lines 1 to 6. we AB1t$7 
(pSB93«. N3398 (pSE936), N3398 CpQPIllOX N3398 WPUm, N33»a 
JpQPn20), N3398 (pQPn22). 

bCcH^qgal madoe^, widi EG333 as Hfr donor ail seof^ for Q^* 
ceeoinUnMb. vroe perfbimad A»<fesc^^ 

eoiRspond to avor^fhr two piBtea; basics dBD :fa 10% in ahmst aU 

cases 



sequences themselves, wc measured requirements for 
transcription (Table IV). Ncitiier DRTII2 nor DRT2I2, when 
inverted with respect to the plasmid P]^ promocerp showed any 
correction activity (Table IV, lines 4. 6). In the absence of 
induction by IPTG» the activity of Puc-transcribcd DRTJIl and 
DRT1J2 sequences was decreased but still significani (Table IV, 
lines 3, 5), presumably because multiple copies of the operator 
titTHted out endogenous levels of even lacfi^jtpmaied lac 
(31)- 



DNA and protein sequence analyses 

DNA and predicted protein sequences for DRTI // and DRT212 

are available via GENBANK access numbers M98455 and 
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M5W456, respectively. We used (be InteUigenetics FAST DB 
prog ram t o search protdo sequences in the GENBaNK, 
NBRFIPIR, 9XKi EMBL libraries far amino-ackf-iinpience 
similarities. The DBTIU reading frame predicts a 

3S3-iiestdiie polypeptide without significant global similari^ Co 
any known protein, including the prokaryodc Holltday-junctiofi 
resolvases— phage T4 gene 49 protein (32), ph^ T7 gene 3 
protein (9), KcqU RuvC (17) snd RecG proteins (l6)-aiid 
yeast cixidfbnn-cutting enzyme (33). However, the Drtlll 
amino-add sequence (JzzsCqGlGKS sbxmgly ceseinUes die 
ReoO sequence (yjdvGsGKT (16), and dius the nw1«?tifflB 
binding motff (WaUcer box) GxxGxGKS (34) chaiacteriadc of 
manyATP-l^drcdyaai^DltUiepa^ pnitdns. 
Smprisingly, die piediciBd Ditl 12 polypeptide, 1^ amino acids 
is 75% identical with Afobidcpsij plasiocyanin (35). Hie 
homology extends over most of die se^enoes, excepc for nine 
plastDcyanio restdiies between £>ftll2 amino acids 24 and 27. 
Dnlll shows 00 signiliGBm homology widi any odier proteins 
in the data bank, or «ddi other leacdvaaes. The N-cerminal 
portions of both polypeptides show features characteristic of 
ChlOroplBSt tratisit peptides (36): high frequency of serine and 
threonine residues, large numbers of small hydxpphobic amino 
acidSp net positive chatge. We did not find a consensus 
processing site (36,37) in Drtl 1 1 , but the plastocyanins (35) are 
cleaved at a sequence that ends in DrtU2 at amino acid 68. The 
apparent cbloipplast-caigecing d^nain of Drtll 1 occupies about 
90 N-terminal residues. 

Ifybridiz&tiOD fjilKKTin and DRT212 probes to fdant UNA 
We hybridized, at high strit^geftcy , DRTlll and PRT112 probes 
to bulk DNA fi:otXiArabidcpsxs^ die closely rdated Bfassicaceae 
broccoli and Chinese cabbage^ and from bean and d)e iiKmooot 
plant maize (Fig. 2). The DRTUJ probe hyteidized strong^ to 
DNA ficm Aratidqpsis and very weakly to broccoli DNA. but 
not to DNA from other plants (Fig, 2A). Al h^ stringency, 
die DRT112 probe yielded only a single strong DNA signal 
(Fig. 2B) which presumably corresponds to DRT112 itsdf . The 
additional two lower-molecular-woght bands that ^qicar at lower 
stringency may coirespoDd to thcArabidopsis plastocyanin gene 
(35>, which encodes an JEcoRI restcktion site not in die DKni2 
sequence. Vorst et aL (35) detected only a single (Intron-less) 
plastocyanin gene by faybridizadon analysis. Thus, despite die 
high degree of homology, die m^eotide dififerenoes (about 30S6) 
apparemly prevent /7i!77/2-filastocyaniii hyiiridizadon at M0i 
stringency. 

OiSCUSSION 

We have iscdated two ylmtoib^ cDNAs that appear to ino^ 
ixoombinam progeny hi coi^gal crosses involving £Lca&' mutants 
lacking abOirjr to resolve intermediates (HoUiday structures). 
These cDNAs were originally selected by virtue of dieir ability 
to t»Dmote survival of mvCrecG mniants, on plates contajning 
mediyhnfidianesulfbnafe (MMS). but diey proved to significandy 
increase resistance to other DNA-damaging agents as well. We 
have considered three explanations, other than genuine 
complemcntalion— replaccmeni of RuvC or RecG rosohition 
activities— for tticsc observations. Infixmatioaal suppression can 
be ruled out: recG258, which is strongly corrected by DRTlll, 
is an insertion mutation; the ruvC$3 allele encodes a highly 
temperaniTB-sensitive but fiill-length protein (R. Uoyd, peraonal 
communication). Second, the requirement far Ptjc'initiatcd 



transcription oSDRTIll and DRni2 excfaides die possibiliQ^ that 
eidier DNA sequence in and of itself provdces a phenotype- 
suppressing response in £.coli. Third, the hiability of Drtl 1 1 
or Drtl 12 to promote conjugal reoombination or UV-icsistaiKe 
in E^coH rtcA or recBrecCre^matms argues strongly against 
the notion ttiat eidier acdvhy mediates a novel reoombination 
pathway diat does not depend on resolution via RuvC ot RecG 
activity. 

Oorrcction efnciencies« tor DRIllI and DFJ112 relative to 
w^type cells, weie h^ for oonjugal reoombinatioQ (9-70% 
and 4-25%. respectively}, for resistance to lower levels of 
mitomycin C (10-40% and 3-10% respectively), and for 
ctmylememation by Ditl 11 of RecG" DNA-damage sensitivity 
(50%). Efficiencies were less for higher degrees of damage. 
Tliesc trends may reflect samration, by high amounts of DNA 
damage^ of activities limited by lack <rf bacterial translation 
signals, poor codoo usage, RNA tnsta*iiity or protein mstability, 
or insolubiliiy In E.coU, or the presence of activity-inhiWdng 
chlorq^ processing signals on the Ditlll and Dnll2 
polypeptides. In fact, m experiments in which proteins were 
radiolabeled in coir -mini-cdls*, tteitfusrDrtlll^ncodingnDr 
DrtI12-encod2ng piasmids yielded detectable bands of the 
qipropriate molecular weight (Q. Rmg, unpublished results). TTie 
correction patterns diu$ suggest tiiat activities able to efiicicntiy 
resolve a few conjugal-recombination inteimediates, despite low 
intrinsic biochemical proikaency and/or low levels of expressiOD, 
may not be able to deal widi large numbers of intermediates 
arising during DNA-damage-provoked sistcr-cbrornatid 
exchange. 

Drtn 1 and DrtUZ differ in die sequences and length of dieir 
polypeptides, dieir apparent efficiencies for complementation of 
RuvC" and RuvC" RecG" phenotypes, and in the ability of 
DrtUl, but not Ditll2, to efficiently conq)lei&eDt a RecrG- 
phcnotype. Hie molecular weight Af nrtlll, 42 kDa, falls 
between tfiose of RecO, 76 fcD (16) aivl RnvC and die |diage 
T7 and T4 resolvases, 17-19 kDa (8-1(0. Drtll2 is higfify 
similar to Arabidopsh plastocyanhi (35), a iiucilear«ttCOded 
chbroplast protein tiiat participates in elM^on transfer between 
photosystem 1 and die cytochrome MfooiDfiex, If Drtl 12 is 
processed at the same site at which plastocyaitin is thought to 
be cleaved in the chloroplast (3S), the putative nahire Drtl 12 
protein (amino adds 69—167), would have a nxriecular weight 
of only tl kDa, significandy less than dnse of the RuvC/phage 
resolvases. The Drtl 12-pla8tocyamn ahnilarity is ttminiscent of 
the similarTty m between respiiatocy-ehain NADH dd^^geoase 
and a protem dm bmds to die ddOTGidast DNA i^licatian origin 

£.co/i appears to process recombination Intermediates, such 
as Holliday strucnunes, in two steps, by at least tviro patlnvays. 
Hie bacterial RuvA and RuvB protdns tpgetiier recognize 
HMlidigr Junctions and catalyze ATP-depeodent branch ntigra^ 
(39,40,41); RecG alone efUdendy accon^sbes bodi dicse tasks 
(42) . Bodi Ruv AB and RecG activities resolve Holliday juncticxis 
in short Imear model substrates, simply viabraodi migratkm out 
to die ends. However, resi^on of such intermediates m 
chromosomes would require diat the m^giaiing junctions 
encounter preexisting DNA strand nicks, or be cleaved by 
resolving eodomideases. The RuvC protan is one such resolvBse 
(10,14). Since RuvC" (and RuvA" or RnvB" mutanis) are only 
slight^ recombination-deficient (19), yet RecG does not appear 
to cleave Holliday junctions (42), dicns may anotfier, as yet 
unidentified, KcoU resolvase that cleaves junctions recognized 
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by RecG. Preference of the RuvC resolvase for RuvAB^xmod 
HoUiday junctions has not been d^xionstrated (39,40,41). 
However, the tndistiaguishability of RnvA~, RnvR-, and 
RdvC~ pbeiMtypes (19) suggests that these pcoCBxns, which are 
encoded by three nearly contiguous genes (17), may aa 
cooperatively in mv9. Ruv- mutancs are much more sensitive 
to Wa daoxae^ dian RooG^ mutaiits. atdiough both dosses of 
mntaots are only sUghtly reooinhlnatioiHlefictent (19). Hits 
suggests that the Ruv and RecO iMlhways are nearly, but not 
perfecdy, mterchangeaUe for conjugal recofnbinattOA, but that 
die Rnv pimeins are designed to play the predominant role in 
recombinatianal toleration of DNA damagie. 

How nught thcilratoftvuu Drt activitia 
to these E.coU Ainctions? Drtlll is slightly more than half die 
size of RecC, Howerar. both proteins exhil^ a 
site, recombination frequencies in RuvC~R6cG''' and 
RnvC-RecG- (Ditlll) hacteria are stmilar (Table HI), and 
DnlU cfficrcntly ooirecia RecG~ (riheooo^pes, despite its 
^arenfly low Icvd of expression. Although Drtl 1 1 may thus 
serve BS a RccG analog, Ditll2 does not carrBct RecO~ 
pbenotypcs. The pattern of correction, by apparently limited 
an)0UDts of Dtill2, of RiivC~ and Rm^C'RecC' phenotypes 
is not inconsistent with partial repbcement of the RuvC 
etkdomiclcasc, but such an identiiication requires Airther smdy, 
KR vx^ as weU asm vivo. The lack coextensive sindlarity among 
all proteins thus tai implicated in resolution of recombinadoa 
imermediates— DttUl, Drtll2, the E.coli Ruv and RecG 
proteins, and the phage T4 and T7 resohrases^suggests that 
various organisms have recruited a wide variety of proteins to 
mediate tfaia process. The validity of these speculations xeniains 
to be tested, by biochemical studies wjA purified Ditlll and 
DrtllZ proteins. 

The two Araindopsis RecA homologs/analogs <tescribed 
previously (6,7), and the af^nrent plant resolution proteins 
described here, incorporate punitive chionsplast transit pqrtides. 
This suggests that reoombinational tc^eradon iis an important 
feature of resistance of chhiroplasts to DNA damage. 
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